We measured intracellular free calcium concentrations ([Ca++)i) in the subcellular compartments of Toxoplasma gondii infected living cells using microspectrofluorometry and Indo-1 staining. [Ca++]i mapping was defined in infected and uninfected cells and in the neoformed parasitophorous vacuole (PV) 24 and 48 hr after parasite inoculation. At 24 hr after infection, a [Ca++]i gradient (PVkytoplasm) was observed in favor of the PV in 72% of infected cells @<0.001). Inside of the W (lumen and parasites), [Ca++]i values appeared to be homogeneously distributed. At 48 hr after infection, the parasites had replicated and formed typical rosettes of more than 16 parasites. At this step, a positive [Ca-]; gradient (PVkytoplasm) was detected in all analyzed cells @<0.001). This result suggests ' Supported by grant no. 943.4.6650 from RCgion Champagne-Ardenne.
Introduction
Toxoplasma gondzz, an obligate intracellular parasite, is the etiological agent of worldwide human and animal toxoplasmosis. Congenital toxoplasmosis remains a major health problem that can lead to abortion or neonatal abnormalities. Furthermore, Toxoplasma appears to be an opportunistic pathogen that causes severe disease in immunocompromised patients through primary infection or reactivation by cyst rupture and unrestricted parasite replication. In vitro cell cultures are currently used to understand the mechanisms of entry, replication, and exit of parasites (tachyzoites) in and out of the host cell. It has been described that T. gondzienters the host cell by an active process of invasion (Hall, 1991) . The parasite promotes invagination of the cell membrane by executing rotative movements while secreting a lytic penetration-enhancing factor (Lycke et al., 1975) to facilitate penetration. Under ameboid deformation of the parasite, the membrane of the host does not disrupt but encircles the tachyzoite to form the parasitophorous vacuole (PV) (Pfefferkorn, 1990) . The intracellular parasite is now able to grow and multiply to form organized rosettes within its vacuole at the expense of the host cell.
T gondiz secretes a reticular network within the vacuole, consisting of small vesicles and elongate tubules, that forms connections with the parasite membrane and the PV membrane. After purification from infected macrophages, this network has a pronounced calcium-dependent stability and stays linked to the membrane of Toxop/asma in vitro in the presence of 1 mM Ca++ (Sibley and Krahenbuhl, 1986) . One of its components, a P23 protein secreted by dense granules, is a high-affinity protein for Ca++ (Cesbron-Delauw et al., 1989) . Interestingly, mitochondria and strands of the host rough endoplasmic reticulum are closely adjacent to the PV. These organelles are commonly described as calcium stores in almost all eukaryotic cells (MacCormack and Crompton, 1991; Cesbron-Delauw et al., 1989; Carafoli, 1987) . Equally perplexing are the processes involved in the liberation of parasites from the infected cells. The exit from the PV can be mediated by the carboxylic calcium ionophore A23187 (Endo et al., 1982) . This sug-gests that calcium regulation in the host cell and in the vacuolar compartment could be associated with the growth and release of T gondii. Understanding of the factors that control growth and survival of T gondiicorrelated with calcium regulation might lead to the application of new target drugs.
To study the involvement of Ca++ during the development of T. gondii, intracellular calcium concentration ([Ca++];) was determined in the intracellular PV and in the host cell cytoplasm during parasite development and also during the liberation of tachyzoites from mature rosettes. The calcium probe Indo-1, which displays an emission fluorescence shift from 480 to 410 nm on binding to Cat+, was used for [Ca'+]i determination (Grynkiewicz et al., 1985) . Indo-1 emission spectra were recorded from a confocal microvolume by using a w laser confocal microspectrofluorometer.
Materials and Methods
Cell Culture. KB cells (human epidermoid carcinoma epithelial cell line no. 86103004; ECACC, Salisbury, UK) were grown in RPMI 1640 medium supplemented with 7% heat-inactivated fetal calf serum, 2 mM glutamine, strepomycin-penicillin (40 mglml, 100 Ulml) in a 5% CO1 and 37'C atmosphere. The cells were harvested by trypsinization (0.25% trypsin-EDTA) and plated on glass coverslips (2.5 x lo4 cells/ml, 48 hr before measurements with the dye) to obtain a subconfluent culture.
Parasite Culture. The RH strain of T. gondiz was maintained by serial IP passages in mice. Harvested parasites were washed twice in PBS (pH 7.2) and resuspended in the desired cell density. The viability of the parasites was monitored by the trypan blue exclusion test. Two-day-old monolayers of KB cells were inoculated with lo5 tachyzoites/ml overnight to ensure penetration of Toxoplasma. The extracellular parasites were removed and infection was performed for 24 or 48 hr in supplemented RPMI medium for [Ca++], measurements. At 72 hr of infection, all the intracellular parasites are mature in the PV and the remaining intact cells become disrupted by washing. Therefore, it was impossible to determine [Ca"], after 48 hr of infection.
The exit of Toxoplasma was induced with 2 mM of 4BrA23187 ionophore. For the inhibition of the exit, Indo-1-stained infected cells were incubated for 5 min before the [Ca++] , determination in a calcium-free buffer (10 mM NaCI, 120 mM KCI, 1 mM KHzP04, 5 mM NaHCOj, 10 mM HEPES, 1 mM MgC12) supplemented with 4 mM EGTA. After 15 min in EGTA. cells began to spread out of the plate, preventing the [Ca*+], determination with zero extracellular Ca++ for a longer time.
CeU Loading with Indo-UAM. Indo-I acetoxymethyl ester (Indo-UAM) was prepared as a stock solution of 1 mM dye in DMSO. The cells were loaded with 5 pM of Indo-1/AM for 30 min in an RPMI 1640-supplemented medium without phenol red. After washing, incubation took place in the same medium for 30 min.
Microspectrofluorometric Measurements. Fluorescent emission spectra within living cells were recorded using a microspectrofluorometer (DILOR; Lille, France) as previously described (Millot et al., 1995) . An optical microscope (Olympus BH2) equipped with a water immersion objective lens ( x 100, NA 0.95; State Optical Institute of St Petersburg), which allows the total transmission of uv radiation down to 300 nm, was used. This allowed observation of the sample, focusing of a 0.5 pW laser beam emitting at 350 nm (2065A model; Spectra Physics), and collection of the fluorescence emission in the 380-580-nm range through the same optics. The thickness of the optical section was controlled by varying the aperture of a square pinhold from 50 to 1000 pm. For intracellular measurements of Indo-1 emission, the pinhole size was fixed to a diameter of 200 pm. Using this configuration, confocal optical sections were estimated to be about 2 pm through comparison with fluorescent beads of known diameter. The emission fluorescence was spectrally dispersed by a diffraction grating and was detected with an optical multichannel analyzer consisting of a cooled 1024diode array. XY spectra corresponding to each point of 30 x 30 spots in the living cell were obtained by step-by-step horizontal displacements of a stage coupled with two motors. The 30 x 30 spectra were recorded within a 4-min period. A computer (IBM AT-386) simultaneously performed the control of stage motions and spectral data acquisition and storage.
[Ca"]i Determination by Dual Wavelength Ratios. [Ca'+], was calculated according to the following equation (Grynkiewicz et al., 1985) :
where R is the ratio of fluorescence emission intensity of the sample at 410 nm and 500 nm, R, , , and R,,, represent the R values in saturated and Ca+'-free cells, respectively, which were recorded in Ca"-permeabilized cells, P is the emission intensity ratio of Indo-1 (500 nm) in free and saturated Ca", and Kd is the apparent dissociation constant of Indo-1 for Ca". The band-width was 10 nm. The in situ [Ca"], calibration curve from Ca++permeabilized cells has already been performed in a recent work, to determine D.Kd. R,,,. and R, , values for the KB cell line (Millot et al., 1995) .
The standard error on R &&e (AR) is mO.02 (in conditions of [Ca"], measurement). Absolute errors on [Ca'+b have been calculated from AR, according to Equation 2 (Table 1) :
In~aallular E"on Spectra of Carboxy H A R M . Cells were incubated with 10 pM of the pH-sensitive dye carboxy SNARF-1 AM acetate for 30 min. At 30 min after washing, a 514-nm (4 pW) laser beam was focused on a cell microvolume for 1 sec. Fluorescence emission spectra were collected in the 500-700-nm range and the ratio of both emission intensities ( 1~~~~, / 1 6 4 0~, ) was determined.
Materials. RPMI, fetal calf serum, penicillin, streptomycin, glutamine, and trypsin were from InstitutJacques Boy (Reims, France). Other reagents were from Sigma (St Louis, MO).
Results
KB cells were used as a model for cellular invasion of T. gondii. Infected monolayers left for 24 hr formed an average of 3-4 parasites/parasitophorous vacuole. After 48 hr of invasion, the parasites had replicated enough to form a typical rosette of more than 16 tachyzoites in the PV. This corresponds to the final step of intra- cellular multiplication before rupture of the host cell and spreading of the parasites. After 24 or 48 hr of infection, KB cells were incubated for 30 min with Indo-UAM to measure [Ca++]i. After Indo-1/AM staining, the fluorescence intensity in infected Cells (vacuole and cytoplasm) and parasites are equivalent and are 10fold more important than the initial autofluorescence intensity.
[Ca++]i Distribution in T. gondii-infected Cells
As a control, [Ca++] ; was determined in confocal sections from uninfected cells ( Figures 1A and 1B ). The [Ca+']i distribution appeared homogeneous in the range of 40-60 nM, with a slight increase of [Ca++]i in the cytoplasmic region.
In infected cells, the [Ca++]; distribution was visualized at the early (24 hr, Figure ID Figure 1D and 140 2 10 nM in Figure  IF ) corresponded to the location of the PV. Inside the PV, we attempted to distinguish intracellular parasites from the lumen. For that, the gray-scale levels of Figure 1F (40-150 nM) were expanded in Figure 1G (130-150 nM). Elements inside of the PV could be distinguished (150 nM vs 130 nM) which may correspond to parasites. This result suggests that the PV (lumen and parasites) represents an individual compartment within the host cell with an independent [Ca++]i.
[Ca++]; was measured in extracellular tachyzoites stained with Indo-1. Such measurements are difficult because of little pulsating and rotative movement of parasites. As an example, Figures (Figure 2A ). In addition, the gradient average (A[Ca++];) was significantly different from zero (p<O.OOl; Table 2 ). In addition, no difference was noted between cytoplasmic [Ca++]; from infected and uninfected cells (Table 2) .
After 48 hr of infection, a higher [Ca**], in the PV than in the cytoplasm was shown for all the host cells ( Figure 2B ) (p<O.001; Table 2 ).
[Ca++]i in the cytoplasm of infected KB cells was less important than for the uninfected ones (p<O.O5; Table 2 ). The intracellular development of I: gondii appears to disturb the [Ca++]i in the host cell cytoplasm at the late stage of infection. This phenomenon certainly contributes to the establishment of a calcium gradient in favor of the PV.
E f f t of 4BrA23187 Calcium Ionophore on the [Ca++l,
The effect of the 4BrA23187 calcium ionophore in 48-hr infected cell cultures was investigated. The time course of [Ca++]i in the PV and the exit of tachyzoites are shown in Figure 3 . Addition of the ionophore was followed by a rapid and massive rise of [Ca++]i in the PV above 1 mM. The liberation of tachyzoites from the host occurred 3-4 min after addition of the ionophore. However, in some infected cells this calcium rise occurred only to a lesser extent (up to 200 nM), and the [Ca++]i returned to its initial value 5-10 min after addition of the ionophore ( Figure 3A ) without disruption of the PV.
In noninfected cells, 4BrA23181 calcium ionophore induced a rapid [Ca.+]; increase up to 400 nM, which was regulated to the basal level after a few minutes ( Figure 3B ). In this condition, disintegration of uninfected cells was never observed. Therefore, the lysis of the cells by the calcium ionophore is specific to the infected cells and to important [Ca++]i.
The effect of the ionophore was also verified after addition of an excess of EGTA to the medium. Under these Ca++-free conditions, exit of tachyzoites was not induced by the calcium ionophore ( Figure 3C) . Therefore, the marked increase of [Ca++]i might be a signal for exit of the parasites.
Discussion

Spatial Distribution of [Ca++l,
The in situ calibration of [Ca++]i, as previously reported, requires different treatments such as membrane permeabilization with Triton, ATP depletion with antimycin, or hypotonic shock (Millot et al., 1995) . Because infected cells are extremely labile to osmotic variations and to ionophore agents, in situ calibration in the PV was not performed. Among the intracellular events that may m o d 4 the calibration curve of [Ca++]i, the main factors may be changes in the intracellular pH and in the degree of hydrolysis of Indo-UAM. To compare intracellular pH in both the cytoplasm and the PV, infected cells were incubated with the pH-sensitive dye carboxy SNARF-1 AM. As shown in Table 3 , ratios of fluorescence emission intensities (I>>Onm/I640nm) were not significantly different in both compartments. This result confirms that live Toxoplasma replicate in a nonacidic vacuole without fusion with lysosomes (Sibley et al., 1985) . Therefore, equivalent pH in both compartments should not induce a difference on the intracellular pK of Indo-1. In addition, changes in the degree of hydrolysis of Indo-UAM modify mainly the R, , value (Millot et al., 1995) . In the vacuolar compartments, the maximal value of this ratio was determined to be 1.9 (from Figure 3A) , which corresponds to a degree of hydrolysis of 82%, similar to that in the cytoplasm, i.e., 87% (Millot et al., 1995) . During the first 24 hr of infection, specific mechanisms related to the intracellular development and replication of the RH strain of ' I : gondii in KB cells may be involved. Compared to the process of mitosis (Lu and Means, 1993; Hepler, 1989) , the [Ca++]i in the vacuole could increase during the endodyogenic process. Further- more, the coexistence of vacuoles with high and low [Ca++]i might reflect asynchronous ' I : gondii multiplication, which is probably due to distinct stages of infecting parasites in their cell cycles (Pfefferkorn, 1990 ).
Tachyzoites possess their own calcium storage (free and bound to proteins): 451 f 170 mM/kg of dry weight. This stock is located in the medioposterior area (mitochondria and endoplasmic reticulum) of the tachyzoites (unpublished results). The secretion of a dense granule protein GRA2 within the initial 10 min of vacuole formation has been described (Sibley, 1993; Sibley and Boothroyd, 1991) . The same secretion is observed when extracellular tachyzoites are incubated in vitro in a rather low calcium buffer (1-10 pM). It has been suggested that [Ca"]i in the newly formed vacuole may mediate exocytosis of Toxoplasma secretory proteins that contribute to a modification of the vacuole (Sibley, 1993; Sibley and Boothroyd, 1991) . The requirements for Ca** in the vacuolar compartment are in agreement with the secretion by the dense granules of a calcium-dependent P23 protein in the reticular network. The stability of this network is dependent on calcium, suggesting that the [Ca++]i in the PV may be higher than in the host cell cytosol (Schwartzmann and Saffer, 1992) . Study of [Ca++]i distribution has revealed that the PV appears to be a particular compartment that includes a homogeneous [Ca++] i. The level of cytosolic [Ca++] ; decreased at the last step of infection (48 hr) compared to that of uninfected cells. This variation could result from metabolic modifications triggered by the many intracellular parasites. Moreover, the development of a Ca++ transport from the host cell towards the PV cannot be excluded. It has been described that host mitochondria and endoplasmic reticulum move around the PV membrane, the role ofwhich is actually unknown. Those organelles, being considered as the major calcium stores in eukaryotic cells (Carafoli, 1987) , may serve as Ca** pools for the calcium requirements of the parasite. [Ca++]i in the PV and the Exit of IntraceiZuiar T. gondii
The rosette stage of the PV at 48 hr of infection (which includes 16-20 parasites) corresponds to the last stage before Toxoplasma liberation. However, the signal that indicates exit of the parasite is still unknown. The prominence of club-shaped anterior organelles has been observed, which appear to be rhoptries, until the later stages of intracellular parasite development (Schwartzmann and Saffer, 1992) . These bodies lost their definition within minutes of the onset of mobility in parasites exiting host cells. However, rhoptrylike bodies were not noted in parasites during the early stages of intracellular development (Schwartzmann and Saffer, 1992) . This may indicate that rhoptry discharge has occurred at the time of exit as well as invasion. Rhoptry bodies contain Ca++-dependent protein, such as phospholipase A2 (Saffer and Schwartzmann, 
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1991)
, and a lytic complex, the PEF, whose activity is Ca"-dependent (Lycke et al., 1775) . Moreover, it is known that Ca** is largely involved in secretion or exocytosis processes (Sambrook, 1990) . Previous studies on the effect of the calcium ionophore 4BrA23187 on the exit of intracellular T gondii have revealed the important role of Ca" in this last stage of infection (Endo et al., 1982) . Our observations have shown that 4BrA23187 induces a rapid and elevated increase of [&++I; in the PV, followed 2 or 4 min later by exit of the parasites. The Ca*+ specificity of the reaction was assessed by the inhibitory effect of EGTA. However, a large excess of EGTA (4 mM) in the extracellular medium had to be used for complete inhibition of the phenomenon in our in vitro model (data not shown), whereas 2 mM EGTA should be enough to chelate all the extracellular residual calcium content. This suggests that 4BrA23187 promoted the liberation of intracellular calcium, either from the host or from the parasite, in the PV. This could explain the large amount of EGTA needed to chelate all Ca++ within the cell. A rapid and elevated influx of Ca++ induces mobility of parasites, triggering their liberation from the host. In some cases the influx of Ca" is less amplified, and no exit of parasite is observed. Moreover, at the earlier stage of 24 hr of infection, liberation of Toxoplasma by the ionophore was never observed. Therefore, the egress of T. gondii from the host cell, even in high [Ca++]; conditions, may require complete maturation.
Under physiological conditions, the highest [Ca++]i in the PV was 140 nM (Figure 2) at 48 hr of infection. Because we have never measured [&+' I, in the PV higher than 200 nM, the increase in [Ca++] ;, which may be associated with the physiological liberation of tachyzoites, could be a transient event. This may act as a signal, promoting the exit of T. gondii from the host cell. A microinjection of calcium-saturated calmodulin in cells induces the rupture of microtubular filaments (Means and Dedman, 1980) . In Tvpanosoma cruzi-infected cells, progressive disruption of cytoskeletal microtubules of the host is observed as the infection progresses (Low et al., 1992) , but the increase of [Ca++]i in such cells appears to be controversial. It is therefore possible that I: gondi-infected cells might exhibit cytoskeletal disruption as a consequence of a rise in intracellular Ca++ levels. Schwartzmann and Saffer (1992) have observed intermediate filaments surrounding the host nucleus and the PV of the intracellular Toxoplasma. Moreover, when 48-hr infected cells were lysed in the presence of EGTA and after addition of ionophore, the PV full of parasites remained intact (data not shown), demonstrating the role of calcium in the cytoskeletal integrity.
As for Plasmodium, for which free calcium has been described to be necessary for invasion, multiplication, and intraerythrocyte development (Kramer and Ginsburg, 1991; Wassermann et al., 1990; Scheibel et al., 1987) , free calcium is also involved in the regulation of the intracellular life of I: gondii. A free calcium gradient in favor of the PV as the parasite multiplies has been monitored. Because the calcium ionophore enhances exit of tachyzoites, it is conceivable that a massive rise of [Ca++]i in the PV may act as a signal for initiating intracellular growth and to promote the exit of T gondii. Further investigations on the effect of calciumdependent protein inhibitors on the invasion or multiplication rate of I: gondii and the understanding of calcium signaling may lead to the application of new drugs against toxoplasmosis.
